Mammalian growing oocytes (GOs) lack the ability to resume meiosis, although the molecular mechanism of this limitation is not fully understood. We previously hypothesized that the meiotic incompetence of porcine GOs was attributed to complex spatial-temporal regulation of cAMP-dependent protein kinase (PKA) by A-kinase anchor proteins (AKAPs), but found that AKAP1 is not involved in the meiotic incompetence of porcine GOs. In the present study, we cloned porcine cDNAs of AKAP5 and AKAP7alpha, and found that inhibiting the expression of these AKAPs induced PKA translocation into the nucleus and promoted meiotic resumption of porcine GOs without affecting the total PKA activity of GOs, whereas overexpressing these AKAPs had no effect. Because AKAPs regulate PKA localization through binding with regulatory subunits of PKA (PKA-Rs), PKA-R binding with AKAPs was inhibited by AKAPbinding inhibition peptides or PKA-R expression inhibition by antisense RNAs. We found that the expression inhibition and binding inhibition of PRKAR1A, an isoform of mammalian PKA-R, promoted meiotic resumption of porcine GOs, whereas these inhibitions of PRKAR2A, another PKA-R isoform, had no effect. In contrast, the expression inhibition and binding inhibition of PRKAR2A had higher effects than those of PRKAR1A on meiotic resumption of porcine full-grown oocytes. These results suggest that cytoplasmic anchoring of PKA by AKAPs is required for meiotic arrest of oocytes and that the PKA-R isoform working for the maintenance of meiotic arrest changed from PRKAR1A to PRKAR2A during the acquisition of meiotic competence.
INTRODUCTION
Mammalian oocytes within ovarian follicles are arrested at the first meiotic prophase, and their meiosis progress until the second meiotic metaphase after hormonal stimulation or their isolation from follicles. This oocyte maturation process can be completed only by full-grown oocytes (FGOs); growing oocytes (GOs) with diameters less than 80% of that of FGOs cannot start meiotic maturation [1, 2] . Although meiotic resumption of mammalian oocytes has long been known to be correlated with the decrease of cAMP-dependent protein kinase (PKA) activity [3] , correlations with the changes of intracellular localization of PKA have also been reported in recent years [4] [5] [6] [7] [8] , although the molecular mechanisms have not been fully understood. In mouse FGOs, PKA is dispersed throughout the cytoplasm before germinal vesicle breakdown (GVBD), an indicator of meiotic resumption, whereas it localizes at mitochondria after GVBD, and this translocation of PKA has been shown to be a prerequisite for meiotic maturation of mouse oocytes [7] . The cytoplasmic localization of PKA during meiotic arrest has also been studied in porcine oocytes where PKA was diffused in the GV just before the GVBD of FGOs, whereas such PKA translocation is not observed in GOs, suggesting a correlation between the PKA translocation and meiotic competence [8] .
PKA is a heterotetramer consisting of two catalytic subunits (PKA-Cs), which have enzyme activity, and two regulatory subunits (PKA-Rs), which bind with the PKA-Cs and regulate PKA enzyme activity and intracellular localization. The PKA localization is determined by A-kinase anchor-proteins (AKAPs), which bind with PKA-R [9] [10] [11] [12] [13] [14] . More than 50 kinds of AKAPs have been reported to date, and each AKAP has its own specific intracellular localization [15] . AKAPs transport PKA-C to a specific subcellular organelle through binding with PKA-R; simultaneously, AKAPs anchor the PKA-C substrates and the relevant enzymes other than PKA, resulting in the formation of a large platform for PKA signaling [16] [17] [18] [19] [20] . Because AKAPs function as platforms for PKA signaling, each PKA subunit can avoid intracellular diffusion in spite of the absence of localization signals and make contact with cAMP and appropriate substrates to guarantee fulfilling the PKA's specific activities [21] . Presumably, this localization regulation of PKA is especially important for cell types with large cytoplasm such as oocytes and early embryos. However, AKAP expressions and functions have not been fully studied in mammalian oocytes.
At present, the AKAPs known to be expressed in mammalian oocytes include Akap1 (Akap140) [4, 7] , Akap7c [22] , Akap10 [6] , Ezrin [23, 24] in mice, Akap140 in rats [5, 25] , and WAVE1 in cattle [26] . In a previous report, we showed the presence of several AKAPs between 15 kDa and 150 kDa in molecular weight in porcine FGOs by Far-Western blot analysis using porcine PRKAR2A [27] , which is an isoform of PKA-R and shows clear translocation into the nucleus just before meiotic resumption [8] . We cloned the cDNA of the 150-kDa AKAP and identified it as the porcine homologue of mouse and rat Akap1. In addition, we investigated the role of porcine AKAP1 in meiotic resumption by the overexpression and knockdown of AKAP1 in porcine FGOs. However, AKAP1 overexpression in porcine GOs had no effect on PKA-R translocation or meiotic resumption, showing that the meiotic incompetence of porcine GOs could not be attributed to an insufficient amount of AKAP1 [27] .
In the present study, we focus on AKAP5 and AKAP7a as candidate AKAPs expressing and functioning in porcine oocytes and investigate their functions in the intracellular localization of PKA-R, in PKA activity, and in the meiotic resumption of GOs and FGOs by modifying their expression levels via mRNA and antisense RNA (asRNA) injections into oocyte cytoplasm. We hypothesize that if the principle functions of AKAP were the transport of PKA-C to a specific subcellular organelle through binding with PKA-R, the inhibition of PKA-R binding with AKAPs or the absence of PKA-Rs themselves would result in the dysfunction of AKAP upon meiotic resumption of oocytes. We examine the molecular mechanisms of AKAP in the meiotic regulation of oocytes by inhibiting PKA-R binding with AKAP using highly specific, high-affinity AKAP-binding inhibitor peptides for two isoforms of PKA-R, PRKAR1A and PRKAR2A, as well as by inhibiting PKA-R expression.
MATERIALS AND METHODS

Collection and Culture of Porcine Oocytes
Ovaries of prepubertal gilts were collected at a commercial slaughterhouse and transported to our laboratory at approximately 378C in saline. Oocytes with diameters of 95-105 lm in small follicles (0.4-1.0 mm in diameter) isolated from the ovaries were used as GOs in the present study. FGOs with diameters of 115-125 lm were aspirated from follicles about 2-5 mm in diameter. Groups of 20-25 oocytes with intact, unexpanded cumulus cells, that is, cumulus oocyte complexes (COCs), with or without injection as described below were cultured in 0.1-ml drops of culture medium [28] up to 48 h at 378C, 100% humidity, and 5% CO 2 in air. In many cases, 3 mM cAMP analog, dibutyryl-cAMP (dbcAMP) (Sigma-Aldrich), was added to the culture medium for FGOs in order to inhibit spontaneous meiotic resumption. After the culture, the surrounding cumulus cells were removed as described previously [29] , and the denuded oocytes were subjected to further analyses, including nuclear status examination, after being fixed with acetic acid-ethanol (1:3), and stained with 0.75% acetoorcein solution.
Cloning and Modification of Porcine AKAP5 and AKAP7a cDNAs
Full-length cDNAs of porcine AKAP5 and AKAP7a were obtained by RT-PCR of total RNA from noncultured FGOs. Total RNA was extracted using Trizol reagent (Invitrogen), and first-strand cDNA was produced by SuperScript III (Invitrogen) according to the manufacturer's instructions. PCR was performed using a thermal cycler (Bio-Rad) and forward (F) and reverse (R) primer sets designed according to the National Center for Biotechnology Information porcine-expressed sequence tag database as shown in Table 1 . The PCR products were cloned into a pGEM-T Easy vector (A1360; Promega) and sequenced using a commercial sequencing kit (Applied Biosystems) and a DNA sequencer (Applied Biosystems) according to the manufacturer's instructions. For the construction of C-terminal Flag-tagged and enhanced green fluorescent protein (EGFP)-tagged protein cDNAs, the stopcodon-removed open-reading frames of porcine AKAP5 and AKAP7a were generated by PCR using BamHI site-containing primer sets, BF and BR (Table  1) , and processed as described previously [30] .
Preparation of Vectors for 3xFlag-Tagged PKA-R/AKAPBinding-Inhibition Peptides An oligonucleotide of the Flag peptide with the BglI sequence and overhang sequences of BamHI and HindIII at the 5 0 and 3 0 ends was synthesized commercially as shown in Table 1 . This sequence was cloned into a pCMV-tag1 vector (211170; Stratagene) treated with BamHI and HindIII. Then the vector was treated with HindIII and BglI, the overhang sequence of which was the same as that of BamHI, and the same Flag sequence was inserted in order to construct a 3xFlag-containing pCMV vector. Oligonucleotides of RI-anchoring disruptor (RIAD) [31] and super-AKAPis (IS) [32] , specific inhibitor peptides of AKAP-binding for PRKAR1A and PRKAR2A, respectively, were synthesized commercially with BamHI and HindIII overhang sequences at both ends as described above (Table 1) , and inserted into the 3xFlag-containing pCMV vector treated with BglI and HindIII in order to synthesize N-terminal 3xFlag-tagged RIAD and IS vectors. 
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In Vitro Synthesis of mRNA and asRNA
For the in vitro synthesis of sense and asRNAs, the vectors constructed above and the EGFP-tagged PRKAR2A (PRKAR2A-EGFP) and PRKAR1A (PRKAR1A-EGFP) vectors provided previously [8] were linearized by restriction enzyme and transcribed in vitro with T3-, T7-, or SP6-RNA polymerase (Promega) in the presence of m7G(50)ppp(50)G to synthesize capped RNA transcripts as described previously [30] . In the case of AKAP5-flag and AKAP7a-flag, mRNAs were polyadenylated using the Poly (A) Tailing Kit (Ambion) after in vitro transcription as described previously [27] . The RNA transcripts were precipitated with absolute ethanol, washed, dried, and resuspended in RNase-free water. The RNA solutions were stored at À808C until use. The expression efficiency of synthesized mRNAs was confirmed by immunoblot analysis with an anti-Flag antibody and Far-Western blot analysis (described below). The suppression efficiency of the asRNA was confirmed by RT-PCR (the same method described above) using primer sets, F and R in Table 1 , for endogenous mRNAs and ribosomal protein L19 (RPL19) mRNA (primer set shown in Table 1 ) as the internal control.
Immunoblot and Far-Western Blot Analyses
Micro-Western blotting [33] was used for Far-Western blot and immunoblot experiments, and the procedures of Far-Western blot and immunoblot analyses were exactly the same as previously described [27] . A total of 10 to 30 FGOs and GOs were used for each lane in Far-Western blots, and 10 FGOs were used for each lane of immunoblots. The antibodies used were anti-Flag M2 monoclonal antibody (1:200, F1804; Sigma-Aldrich) and anti-GST polyclonal antibody (1:1000, 27-4577; GE Healthcare) for GSTfused PKA-R2, a probe of Far-Western blot analysis. To visualize the proteinbound antibodies, horseradish peroxidase-conjugated anti-mouse immunoglobulin G (Jackson ImmunoReserch Laboratories, Inc.) and horseradish peroxidase-conjugated anti-goat immunoglobulin G (1:5000; Jackson ImmunoResearch Laboratories, Inc.) were used for Flag and GST, respectively, followed by detection using an ECL detection kit (Amersham-Pharmacia) according to the manufacturer's protocol.
Microinjection
The RNA concentration in each RNA solution was adjusted to 0.5 lg/ll. Texas Red dextran (D1864; Molecular Probes) was added to each solution at a concentration of 1 lg/ll as a marker of successful injection. Microinjection was performed in 90 ll of the culture medium using microinjectors (IM-4/5/B; Narishige) equipped with manipulators (GJ-8; Narishige) mounted on an inverted microscope (Diaphot 200; Nikon). Approximately 50 pl of RNA solution were injected into the ooplasm of each noncultured porcine COC by continuous pneumatic pressure. After injection, all the COCs were cultured as described above, and the expression of Texas Red was examined under fluorescent microscopy (IMT-2-RFL; Olympus). Only the oocytes expressing Texas Red illumination were used for analysis.
Observation of EGFP-Tagged Proteins
The oocytes expressing EGFP-tagged proteins were denuded and fixed in 3.5% formaldehyde in PBS containing 0.1% polyvinylpyrrolidone (PBS-PVP) at room temperature for 1 h and stained with 0.1 mg/ml propidium iodide (PI) (Invitrogen) in PBS-PVP for 30 min. The oocytes were then washed in PBS-PVP, mounted on a glass slide, and observed using a confocal laser scanning microscope (LSM510-V2.01, Axio-plan MOT; Carl Zeiss).
PKA Activity Assay
Each of the 10 denuded oocytes was lysed in 2.5 ll of assay buffer [34] and stored at À808C until used. PKA activities were evaluated on the basis of the phosphorylation activity of the PKA substrate domain in porcine PRKAR2A as described in a previous report [8] . The reaction took place at 378C for 2 h.
Statistical Analysis
Statistical analyses were performed using JMP software (SAS Institute), Student t-test and Tukey-Kramer HSD test was used for pairwise and multiple comparison, respectively. Results were considered to be statistically significant at P , 0.05.
RESULTS
Expression and Localization of AKAP5 and AKAP7a in Porcine Oocytes
According to the reported AKAP molecular weights, fulllength cDNAs of porcine AKAP5 and AKAP7a were cloned as described in Materials and Methods. Then, using porcine FGOs, we examined whether these AKAPs corresponded with the signals of porcine PRKAR2A-binding-protein previously detected by Far-Western blot analysis [27] . We first expressed Flag-tagged AKAP5 and AKAP7a by injecting their mRNAs and detected protein signals of 80 kDa and 18 kDa, respectively, after 48 h of injection (Fig. 1A) . Then, we injected the asRNA of AKAP5 or AKAP7a and examined the changes of the 80-kDa or 18-kDa signal strength by Far- A) Noncultured FGOs were injected with Flag-tagged AKAP5 (AKAP5-Flag) mRNA or Flag-tagged AKAP7a (AKAP7a-Flag) mRNA and cultured for 48 h. The AKAP proteins were examined by immunoblots with antiFlag antibody (top panels) and Far-Western blot analysis (middle panels). CDC2 immunoblot is shown as the loading control (bottom panels). The AKAP5 and APAK7a proteins were expressed at 80 kDa and 18 kDa, respectively. B, C) Effects of AKAP5 asRNA (asAKAP5) or AKAP7a asRNA (asAKAP7a) injection on AKAP5 or AKAP7a expression in FGOs. Inhibition of AKAP5 or AKAP7a mRNA expression was confirmed by RT-PCR with an internal control (RPL19, B), and the protein levels of 80 and 18 kDa AKAPs were examined by Far-Western blot analysis with a loading control (CDC2, C) after 48 h of asRNA injection. All the experiments were repeated two times and almost the same results were obtained.
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Western blot analysis after confirming the decrease of the mRNAs by RT-PCR (Fig. 1B) . After 48 h of AKAP5 and AKAP7a asRNA injection, specific decreases of the 80-and 18-kDa signals were observed (Fig. 1C) , indicating that these signals detected by Far-Western blot analysis are actually porcine AKAP5 and AKAP7a, respectively.
Next, we performed Far-Western blot analysis using GOs and found that the expression levels of AKAP5 and AKAP7a in FGOs and GOs are almost identical (Fig. 2A) . Next, their intracellular localization was examined by injecting mRNA of EGFP-tagged AKAP5 and AKAP7a into FGOs and GOs. As shown in Figure 2B , the major localization of AKAP5 in both FGOs and GOs was the cytoplasmic membrane, with a minor localization in the cytoplasm. AKAP7a was localized in the cytoplasm. Both AKAP5 and AKAP7a were scarcely present in the GVs of FGOs and GOs (Fig. 2B) .
Effects of AKAP5 and AKAP7a on Meiotic Resumption of Porcine Oocytes
In order to investigate the functions of AKAP5 and AKAP7a in meiotic resumption, their expression levels in GOs and FGOs in which spontaneous meiotic resumption was inhibited by 3 mM dbcAMP were changed artificially; the effects on the GVBD rates are shown in Figure 3 . The injection of AKAP5-Flag or AKAP7a-Flag mRNA had no significant effects on meiotic resumption in either FGOs or GOs. In contrast, the expression inhibition of AKAP5 by asRNA injection induced GVBD in 36.2% of FGOs despite the presence of a high concentration of cAMP (Fig. 3A) . In the case of GOs, meiotic resumption was induced in 44.5% and 35.0% of oocytes after suppression of AKAP5 and AKAP7a, respectively, and these rates were significantly higher than that of intact GOs (Fig. 3B) . These results suggest that both AKAP5 and AKAP7a have inhibitory effects on meiotic resumption, and the loss of their function results in an escape from meiotic arrest.
Effects of AKAP5 orAKAP7a Inhibition on PKA Activity and Localization in Porcine Oocytes
It has been generally accepted that GVBD is induced by a decrease of the intracellular cAMP concentration and the subsequent decline of PKA activity [3, 35] . We showed previously in porcine oocytes that all PKAs were present in cytoplasm during the GV stage and some PKAs translocated into the nucleus just before GVBD in FGOs but not in GOs, and proposed a relationship between meiotic resumption and these localization changes of PKA [8] . Therefore, we next studied whether GVBD induction by AKAP5 or AKAP7a inhibition correlated with the changes in PKA activity and PKA localization. Surprisingly, PKA activities of oocytes in which GVBD was induced by AKAP5 or AKAP7a inhibition were not significantly different from those of noninjected, GVmaintained oocytes in both FGOs and GOs (Fig. 4A) . This indicates that a decrease of PKA activity is not always necessary for the meiotic resumption of oocytes.
Then, in order to study the changes of PKA localization after AKAP5 or AKAP7a inhibition, EGFP-tagged PRKAR1A or PRKAR2A mRNA was injected with or without either AKAP5 or AKAP7a asRNA in FGOs and GOs. Because our previous report showed that the overexpression of PRKAR2A in FGO overcame the dbcAMP effect for GV maintenance and induced PKA inactivation and GVBD [8] , the AKAP effects on PKA localization was evaluated before GVBD (12 h) in FGOs. Both PRKAR1A and PRKAR2A were localized in the cytoplasm in both FGOs and GOs without injection of AKAP5 or AKAP7a asRNA after 12 h and 48 h of collection from follicles, respectively, (Fig. 4B) . In contrast, PRKAR2A, but not PRKAR1A, was translocated into the GV of AKAP5-inhibited FGOs, and the expression level of PRKAR2A became indistinguishable between the cytoplasm and nucleus. This indicates that AKAP5 inhibits the entrance of PRKAR2A into the nucleus by anchoring it in the cytoplasm, thereby maintaining the meiotic arrest of FGOs. In the case of GOs, both PRKAR1A and PRKAR2A were translocated into the GV by AKAP5 inhibition, whereas AKAP7a inhibition induced only PRKAR1A translocation into the GV (Fig. 4B) . Because of the greater correlation between GVBD in GOs and translocation of PRKAR1A, rather than that of PRKAR2A, AKAPs might anchor mainly PRKAR1A in the cytoplasm for the maintenance of the meiotic arrest of GOs. These results suggest that the cytoplasmic localization of PKA in the GV stage, mediated by binding of specific PKA-Rs with specific AKAPs, is a prerequisite for the meiotic arrest of immature [27] were quantified, and the means 6 SEMs of three independent experiments are shown in the lower part. No significant differences were found between GOs and FGOs (P . 0.05). B) Noncultured GOs and FGOs were injected with AKAP5-EGFP mRNA or AKAP7a-EGFP mRNA and cultured for 6 h. The AKAP protein localizations were evaluated by EGFP expression. Arrowheads indicate GVs. The nuclear status of the same oocytes is shown by PI staining in the lower part. Experiments were repeated two times. In each group, 12 to 18 oocytes were examined, and almost the same results were obtained. Original magnification 340.
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porcine oocytes and that the PKA-R required for the meiotic arrest is PRKAR2A for FGOs and PRKAR1A for GOs. If this is the case, it is presumed that the inhibition of PKA-R binding with AKAPs will induce meiotic resumption in porcine oocytes.
Effects of PKA-R/AKAP-Binding-Inhibition Peptides on Meiotic Resumption and PKA Activity of Oocytes
RIAD [31] and IS [32] were used as inhibitor peptides for PRKAR1A and PRKAR2A binding with AKAPs, respectively. Either Flag-RIAD or Flag-IS mRNA was injected into FGOs and GOs just after collection from follicles, and the oocytes were cultured for 48 h before their meiotic resumption was examined. The expression of RIAD and IS was confirmed by Western blot analysis with an anti-Flag antibody (Fig. 5A) . Both RIAD and IS overcame the GVBD inhibition effect of dbcAMP and induced GVBD in 49.6% and 85.0% FGOs, respectively (Fig. 5B) . The inhibition of PRKAR2A binding with AKAPs due to IS had higher GVBD-inducing effect in FGOs than the inhibition of PRKAR1A binding with AKAPs due to RIAD. The PKA activities of RIAD-expressed FGOs tended to decrease while the activity of IS-expressed FGOs decreased significantly compared to noninjected FGOs (Fig.  5C ). On the other hand, GVBD was induced in 33.9% of GOs by RIAD expression, showing the significant promotion of meiotic resumption by the inhibition of PRKAR1A binding with AKAPs (Fig. 5B) . RIAD expression significantly decreased the PKA activity of GOs (Fig. 5C) . These results show that the inhibition of PKA-R binding with AKAPs releases meiotic arrest in both FGOs and GOs and suggests that the main PKA-R maintaining meiotic arrest is PRKAR2A in FGOs and PRKAR1A in GOs.
Effects of Expression Inhibition of PKA-R on Meiotic Resumption and PKA Activity of Oocytes
In order to further confirm the requirement of PKA-R binding with AKAPs for the maintenance of meiotic arrest of oocytes, asRNAs of PRKAR1A and of PRKAR2A were injected into FGOs and GOs just after collection from follicles, and the FGOs and GOs were cultured in dbcAMP-added medium and normal medium for 48 h, respectively. The effects of asRNAs for the inhibition of specific PKA-R expression were confirmed by RT-PCR (Fig. 6A) . In FGOs, GVBD was induced in 71.8% of oocytes even in the presence of dbcAMP only when PRKAR2A expression was inhibited, whereas a significantly high GVBD rate (38.0%) was observed in GOs only when the PRKAR1A expression was suppressed (Fig.  6B) . Interestingly, the PKA activities were unchanged among the experimental groups both in FGOs and GOs (Fig. 6C) . These results confirm that the disruption of PKA-R binding with AKAPs releases the meiotic arrest of oocytes and that the PKA-Rs working for the meiotic arrest of oocytes are PRKAR2A in FGOs and PRKAR1A in GOs.
DISCUSSION
Previously, we showed by Far-Western blot analysis that there were several kinds of AKAPs in porcine oocytes between 15 and 150 kDa in molecular weight and that the AKAP at 150 kDa was the porcine homologue of mouse and rat Akap1 (Akap 140) [27] . We also revealed that porcine AKAP1 promoted meiotic resumption of FGOs but had no positive effect on meiotic competence in GOs by overexpression of AKAP1 in porcine oocytes [27] . In the present study, we identified that the signals at 80 and 18 kDa of the Far-Western blots were AKAP5 and AKAP7a, respectively, and found that unlike the case of AKAP1, expression inhibition rather than overexpression of these AKAPs induced GVBD not only in FGOs but also in GOs, which could hardly start meiotic maturation under normal conditions. Therefore, the present results suggest that AKAP5 and AKAP7a negatively regulate meiotic resumption of porcine oocytes not only in FGOs but also in GOs. The present study is the first report in which GVBD was induced in GOs without direct inhibition of PKA activity.
Surprisingly, PKA activities of FGOs and GOs were not decreased after the inhibition of AKAP5 and AKAP7a expression. Although the importance of PKA inactivation has been reported in many species for meiotic resumption of oocytes [3, 35] , our results indicate that the decrease of total PKA activity is not always necessary for the initiation of oocyte maturation. It has been known that AKAPs function not only by transporting PKA-C to a specific subcellular organelle but also by anchoring PKA-C substrates and relevant enzymes other than PKA and by constructing a large platform for PKA signaling [16] [17] [18] [19] [20] . This AKAP function allows each PKA subunit to avoid intracellular diffusion and to come into contact with cAMP and the appropriate substrates, thereby guaranteeing the specific activities of the PKA. This localization of PKA and substrates by AKAPs might be especially important for large cells such as oocytes. Our results raise the interesting hypothesis that AKAPs localize PKA-C at a specific substrate through PKA-R binding, that the meiotic arrest of oocytes is maintained by phosphorylation of the substrate during the GV stage in FGOs and GOs, and that the loss of AKAPs results in the separation of PKA-C from the appropriate substrate and 
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generates an effect equivalent for PKA inactivation even if the total PKA activity in the oocytes is unchanged.
We have reported previously that PKA was localized in the cytoplasm of porcine oocytes during meiotic arrest and that PKA diffused into the GV just before GVBD in FGOs whereas such PKA translocation was not observed in GOs, as a result of we suggested the correlation between PKA translocation and the meiotic competence of oocytes [8] . In the present study, we examined this correlation in FGOs and GOs and found that PKA translocation into GV was detected only in the experimental groups in which GVBD was induced by AKAP inhibition. In such experimental groups, the PKA signal strength in the GV, which was weaker than that of the cytoplasm during meiotic arrest, increased and became indistinguishable from that in the cytoplasm just before GVBD, indicating that this PKA translocation was due to passive diffusion rather than active transport. Our previous report showed that the overexpression of PRKAR2A in FGO had inhibitory effects on PKA activities [8] , but therefore the conditions used in those experiments were not perfect. However, the clear difference in PKA translocation into GV at 12 h in the FGOs with and without AKAP inhibition indicates that the present experimental conditions were adaptable as far as evaluating the AKAP effects on PKA-R localization. These results indicate that AKAP5 and AKAP7a work to localize PKA at substrates in the cytoplasm for the maintenance of meiotic arrest and that the loss of this AKAP function results in the release of PKA from cytoplasmic substrates and the inability to maintain meiotic arrest, supporting the above hypothesis. This hypothesis is also FIG. 6 . Effects of expression inhibition of PKA-Rs on the meiotic resumption of FGOs and GOs. A) FGOs were injected with PRKAR1A asRNA (asR1) or PRKAR2A asRNA (asR2), and inhibition of their mRNA expressions were confirmed by RT-PCR after 48 h of injection with an internal control (RPL19). B, C) FGOs and GOs were injected with asR1 or asR2, and the GVBD rates (B) and PKA activities (C) were evaluated after 48 h of culture. FGOs were cultured in the presence of 3 mM dbcAMP to prevent spontaneous meiotic resumption. Values represent means 6 SEMs of three independent experiments; those with different letters are significantly different (P , 0.05). -, control (without injection).
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supported by the induction of meiotic resumption in PKAlocalization inhibiting experiments using AKAP-binding inhibitor peptides and in PKA-R expression-inhibiting experiments using PKA-R asRNAs. Similar results have been also reported in mice [36] . Considering these results together, PKA translocation into the GV is an accessory phenomenon of the loss of specific PKA anchoring in the cytoplasm, which is a prerequisite for the meiotic arrest of oocytes. The present results strongly support the above hypothesis that the dispersion of PKA from specific substrates in the cytoplasm results in the oocyte's inability to maintain meiotic arrest.
It is critically interesting that PKA-R translocation in FGOs was observed only in PRKAR2A, which had been shown to regulate PKA activity in FGOs [8] , whereas the PKA-R translocation was observed mainly in PRKAR1A in GOs. This result indicates the exchange of PKA-R isoforms working for the maintenance of meiotic arrest from PRKAR1A in GOs to PRKAR2A in FGOs according to the growth phase of the oocytes. This hypothesis was supported by the experiments using AKAP-binding inhibitor peptides (Fig. 5 ) and using PKA-R asRNAs (Fig. 6) , where the treatment effectiveness was higher, if not specific, for PRKAR2A in FGOs and for PRKAR1A in GOs than vice versa. PRKAR1A is known to have a higher cAMP affinity than PRKAR2A [37] [38] [39] , and our previous experiments have shown that a PKA inactivation was induced in FGOs, but not in GOs, even though cAMP was decreased equally [8] . In GOs, the replacement of PKA-R isoforms with PRAKAR1A having high cAMP affinity is thought to be a strict regulatory mechanism for meiotic-arrest maintenance to prevent premature meiotic maturation. This hypothesis might be applied to other species because these are reports showing that PRKAR1A expression was higher than PRKAR2A expression in rat GOs [25] . If this is the case, the exchange of PKA-R isoforms from PRKAR1A to PRKAR2A should be a critical step in the acquisition of meiotic competence.
Because PKA-Rs negatively regulate PKA-C activity, the inhibition of PKA-Rs is generally expected to increase PKA activity, but this was not the case in the present study. One explanation for the ineffectiveness of PKA-R inhibition on the PKA activity of oocytes in our study is that PKA activities in FGOs and GOs may have already been at maximal levels, given the presence of a high concentration of cAMP in the medium of FGOs and the high cAMP affinity of PRKAR1A in GOs [37] [38] [39] ; hence, further PKA-C activation could not be induced by PKA-R inhibition. On the other hand, PKA activity was decreased by the inhibition of PKA-R binding with AKAP using AKAP-binding inhibition peptides. A decline of PKA activity by these peptides has been reported previously and explained by the loss of interaction between PKA and factors other than PKA binding with AKAP [31, 32] . Therefore, the decrease of PKA activity indicates the successful inhibition of PKA-R binding with AKAPs by these peptides, as reported in somatic cells.
In the present study, the localization of AKAP5 in porcine oocytes was quite similar with that in somatic cells, where AKAP5 has been reported to localize at the cytoplasmic membrane and interact with several ion channels and receptors [17] [18] [19] [40] [41] [42] [43] . In contrast, the localization of AKAP7a in porcine oocytes was a bit different from that in somatic cells where it has been reported to localize also at the cytoplasmic membrane and to interact with calcium ion channels and calcium-dependent kinases [44] [45] [46] , indicating the presence of an oocyte-specific AKAP7a function. In any case, the low concentrations of these AKAPs in the nucleus were similar for both oocytes and somatic cells and compatible with their putative function of anchoring PKA at specific substrates in the cytoplasm during the GV stage. Because PKA-R localizations in the present study were not always in agreement with the localization patterns of AKAP5 andAKAP7a, the involvement of other AKAPs for PKA-R localization is conceivable. We have tried to clone the cDNAs of AKAP2, AKAP3, AKAP4, AKAP7c, AKAP8, AKAP10, AKAP13, EZRIN, and WAVE1 from porcine FGOs in addition to AKAP1 (previously) [27] and AKAP5 and AKAP7a (in the present study), and obtained the results that all of them except for AKAP3 and AKAP4 are present at the mRNA level in porcine FGOs (data not shown). Therefore, although these AKAPs were not detected at the protein level in FGOs in the present study, they should be present at very low concentrations and contribute to the cytoplasmic localization of PKA.
In summary, we propose the novel hypothesis that meiotic arrest of oocytes is maintained by PKA anchoring at specific substrates in the cytoplasm by AKAPs and that the loss of this anchoring results in the meiotic resumption of oocytes. This hypothesis is important with respect to the potential requirement of not only PKA activity regulation but also PKA localization regulation for meiotic progression in oocytes. Moreover, the present study is the first report indicating the replacement of the PKA-R isoform from PRKAR1A to PRKAR2A during oocyte growth. Further analyses of the physiological meaning and the critical period and regulation of PKA-R replacement should greatly advance our understanding of the acquisition of meiotic competence and the regulatory mechanism of oogenesis.
